Tyrosinase is a copper-containing enzyme that regulates melanin biosynthesis in mammals. Mutations at a single N-glycosylation sequon of tyrosinase have been reported to be responsible for oculocutaneous albinism type IA in humans, characterized by inactive tyrosinase and the total absence of pigmentation. To probe the role that each N-glycosylation site plays in the synthesis of biologically active tyrosinase, we analyzed the calnexin mediated folding of tyrosinase N-glycosylation mutants. We have determined that four of the six potential Nglycosylation sites, including that associated with albinism, are occupied. Analysis of the folding pathway and activity of 15 tyrosinase mutants lacking one or more of the occupied N-glycosylation sites shows that glycans at any two N-glycosylation sites are sufficient to interact with calnexin and give partial activity, but a specific pair of sites (Asn 86 and Asn 371 ) is required for full activity. The mutants with less than two N-glycosylation sites do not interact with calnexin and show a complete absence of enzyme activity. Copper analysis of selected mutants suggests that the observed partial activity is due to two populations with differential copper content. By correlating the degree of folding with the activity of tyrosinase, we propose a local folding mechanism for tyrosinase that can explain the mechanism of inactivation of tyrosinase N-glycosylation mutants found in certain pigmentation disorders.
Tyrosinase (monophenol, dihydroxyphenylalanine:oxygen oxidoreductase, EC 1.14.18.1) is a copper-containing enzyme responsible for catalyzing the first two steps of the melanin synthesis pathway, hydroxylation of tyrosine to dihydroxyphenylalanine (DOPA) 1 and its subsequent oxidation to DOPA quinone (1) . The presence of two copper atoms in the active site is essential for activity. The enzyme also has six N-glycosylation sequons (Fig. 1 ). All six potential N-glycosylation sites are conserved in human and mouse tyrosinase (2) , suggesting that the glycosylation may be functionally relevant. The absence of tyrosinase activity is associated with oculocutaneous albinism in many animal species, including humans (3) . This inborn disorder is characterized by the absence of melanin in the skin, hair, and eyes and a series of related abnormalities of the ocular system. Several mutations within the tyrosinase gene of individuals with type I oculocutaneous albinism have been reported, including a substitution in codon 371 causing a putative amino acid change from threonine (ACA) to lysine (AAA) causing abolition of the sixth potential N-glycosylation site (4, 5) . The expressed tyrosinase gene produces a protein with no activity, leading to an absence of melanin synthesis (5) . We have found that following treatment of mouse melanoma cells with N-butyldeoxynojirimicin (NB-DNJ), an inhibitor of ␣-glucosidases I and II, the resulting expressed tyrosinase, which carries immature Glc 3 Man 7-9 GlcNAc 2 N-glycans, is catalytically inactive and fails to initiate melanin biosynthesis (6) .
We and others have shown that tyrosinase activity is dependent on the interaction between tyrosinase and calnexin during the initial stages of folding (7, 8) . Calnexin and calreticulin are two lectin-like chaperones that interact transiently with partially trimmed N-linked oligosaccharides of the newly synthesized glycoprotein, their substrates being incompletely folded, monoglucosylated proteins (9) . Calnexin is part of the folding/quality control mechanism within the endoplasmic reticulum, along with other endoplasmic reticulum chaperones and the enzymes ␣-glucosidase II and UDP-glucose:glycoprotein glucosyl transferase (GT) (10, 11) . Monoglucosylated Nglycans are generated by the actions of ␣-glucosidases I and II (12) and GT, the latter only recognizing denatured or incompletely folded proteins (13, 14) . Thus, the substrates of these chaperones are driven through a cycle of deglucosylation/reglucosylation and returned to the cycle by GT as long as the native conformation is not achieved (15) . Interference in the early stages of glycan processing prevents the interaction of tyrosinase with calnexin and leads to inactive enzyme being produced (6, 8) . Although it is now accepted that calnexin promotes folding of tyrosinase by interacting with monoglucosylated Nglycans (7, 8) , it remains unclear as to whether glycans at all six of the potential N-glycosylation sites of the polypeptide chain are involved in these interactions and hence in folding.
The object of this paper is to probe the role that each of the six individual N-glycosylation sites plays in the synthesis of biologically active tyrosinase. We have identified the N-glycosylation sites that are normally occupied in tyrosinase (four of the six). Fifteen tyrosinase mutants have been constructed lacking one or more of these four sites using site-directed mutagenesis and have been transiently expressed in CHO cells. We measured the enzymatic activity of the wild type and re-* This work was supported by Wellcome Trust Collaborative Research Initiative Grant 053441 and by grants from the Romanian Academy and Romanian Ministry of Research and Technology. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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combinant tyrosinases and investigated their kinetics of folding and calnexin interaction. These studies show that the mutants with less than two glycans do not interact with calnexin and have no enzymatic activity. Any pair of the four normal glycans is sufficient to give an interaction with calnexin resulting in partial activity, but only one specific pair reproduces the folding kinetics of the wild type protein and gives full activity. The analysis of copper content for two of the mutants suggests that the observed partial activity is a result of incomplete copper loading. These results show that individual N-glycans play distinct roles in the tyrosinase folding kinetics, suggesting a local folding mechanism for this glycoprotein.
MATERIALS AND METHODS
Reagents-NB-DNJ was a gift from Searle/Monsanto (St. Louis, MO). The rabbit anti-tyrosinase antiserum (␣PEP7) was a gift from Dr. V. J. Hearing (NCI, National Institute of Health, Bethesda, MD). The expression plasmid, pHDmcTyr 1, was a kind gift from Dr. Gü nther Schü ts (Institute of Cell and Tumor Biology, Heidelberg, Germany). [ 35 S]Methionine/cysteine was from I.C.N. Flow, (Thame, Oxfordshire, UK), CHAPS was purchased from Pierce. All other chemicals were from Sigma.
Cell Culture-CHO cells (European Collection of Animal Cell Cultures, Porton Down, UK), were cultured in RPMI 1640 medium (Life Technologies, Inc.) containing 10% fetal calf serum (Sigma), 50 units/ml penicillin, and 50 mg/ml streptomycin (Life Technologies, Inc.) and maintained at 37°C with 5% CO 2 .
Tyrosinase N-Glycosylation Mutants-All mutant constructs were based on the mouse tyrosinase cDNA expression plasmid, pHDmcTyr1 (2) . Tyrosinase mutants lacking single N-glycosylation sites were created by changing the codon for Asn (TAT) in each of the six potential N-glycosylation sequons to the codon for Gln (CAA), using synthetic oligonucleotides (22-30-mers) and a site-directed mutagenesis kit (Stratagene, La Jolla, CA). The sequences of the mutagenic oligonucleotides are given in Table I . The resultant expressed proteins were named ⌬(1), ⌬(2), ⌬(3), ⌬(4), ⌬(5), and ⌬(6) according to the N-glycosylation site removed (Table II) .
All the other tyrosinase mutants lacking more than one N-glycosylation site were obtained using the cDNAs coding for ⌬(1), ⌬(2), ⌬(3), ⌬(4), ⌬(5), and ⌬(6), generated as described above, and recombining the DNA fragments resulting from hydrolysis with restriction enzymes, as follows: ⌬(1,4), ⌬ (1, 5) , and ⌬(1,6): the cDNAs coding for ⌬(1), ⌬(4), ⌬(5), and ⌬(6) were digested with ApaI and ClaI, and the 5Ј fragment of ⌬(1) cDNA was ligated to the 3Ј fragment of the cDNAs coding for ⌬(4), ⌬(5), or ⌬(6), respectively, using standard techniques; ⌬(5,6) was obtained through partial SphI hydrolysis of the cDNAs coding for ⌬(5) and ⌬(6), followed by the ligation of the DNA fragments containing the mutation at the N-glycosylation sites 5 and 6, respectively; ⌬(4,5), ⌬(4,6), and ⌬(4,5,6): the cDNAs coding for ⌬(4), ⌬(5), ⌬(6), and ⌬(5,6) were digested with BsaAI and ClaI and the 5Ј fragment of ⌬(4) cDNA was ligated to the 3Ј fragment of the cDNAs coding for ⌬(5), ⌬(6), or ⌬(5,6), respectively; and ⌬(1,4,5), ⌬ (1, 4, 6) , ⌬ (1, 5, 6) , and ⌬(1,4,5,6) were obtained using the same ApaI and ClaI hydrolysis approach described above, except that the substrates were the cDNAs coding for ⌬(1), ⌬(4,5), ⌬(4,6), ⌬(5,6), and ⌬ (4, 5, 6) . Nucleotide sequences of all constructs were confirmed by the dye terminator double-stranded DNA sequencing method.
Transfection When the effect of ␣-glucosidases I and II inhibition was followed, NB-DNJ was added to the cells either 1 h before or immediately after the pulse labeling and was maintained through out the chase period. Labeled cells were harvested, washed twice with cold phosphate-buffered saline, and incubated in 20 mM N-ethylmaleimide for 1 h to block the free sulfhydryl groups, by alkylation. Cells were then lysed with lysis buffer (2% CHAPS in 50 mM Hepes, 200 mM NaCl, pH 7.5, containing a mixture of protease inhibitors (Sigma)), for 1 h, on ice.
Immunoprecipitation and SDS-PAGE-After lysis as described above, cell extracts were first precleared by incubation with 20 l of protein A-Sepharose for 1 h, at 4°C. Proteins were then immunoprecipitated in supernatants with either ␣ PEP 7 anti-tyrosinase antibodies (20, 21) or anti-calnexin antibodies followed by anti-tyrosinase antibodies. The bound proteins were eluted with either 1% SDS for 30 min, at room temperature (nonreducing conditions, under which activity is retained) or by boiling in reducing buffer with 5% 2-mercaptoethanol, for 5 min (reducing conditions). The eluted proteins were then subjected to SDS-PAGE and analyzed by autoradiography.
Tyrosinase Assay and Western Blotting-The DOPA-oxidase assay measuring the second catalytic activity of tyrosinase, the conversion of DOPA to DOPAchrome was performed as described before (22) . Briefly, 48 h after transfection with different mutant tyrosinase cDNAs, CHO cells grown in 75-cm 2 culture flasks were harvested and lysed in 100 l of lysis buffer. 50 l of cell extracts were mixed with 950 l of 1 mM DOPA in 0.1 M sodium phosphate buffer, pH 7.2, for 30 min at 37°C. The appearance of DOPAchrome was measured spectrophotometrically at 475 nm. The specific activity of different tyrosinase N-glycosylation mutants was defined as the enzyme activity/mg of total protein. Protein concentration in the cell lysates was determined using the BCA Protein Assay kit (Pierce).
The remaining 50 l of each cell extract was boiled for 5 min in reducing sample buffer and loaded on 7.5% acrylamide gels. Electrophoretically separated proteins were transferred to Immobilon membrane (Amersham Pharmacia Biotech). Blots were incubated with 1:100 dilutions of rabbit anti-tyrosinase antibodies (␣PEP 7), for 1 h, at 37°C. Immunoreactivity of proteins was detected by enhanced chemiluminescent Western blotting (ECL, Amersham Pharmacia Biotech), according to the manufacturer's instructions.
Copper Analysis-Samples for copper analysis were prepared by 7.5% SDS-PAGE under nonreducing conditions. The bands of interest were identified by DOPA oxidase activity, excised from the gel, and resolubilized in phosphate-buffered saline. The presence of tyrosinase was confirmed by Western blotting. The proteins were dialyzed against phosphate-buffered saline followed by exhaustive dialysis against water to remove chloride ions (which interfere with the analysis of sulfur). The samples were concentrated by ultrafiltration using a 30-kDa cut-off membrane to a final concentration of 1 g of protein in 100 l. Three or four 0.5-l drops of each sample were spotted on to 2-m-thick mylar film sample holders and allowed to dry by evaporation overnight. Direct inspection showed that the majority of the protein was concentrated on the circumference of the drop but not uniformly distributed.
The elemental composition of each sample was measured by proton induced x-ray emission spectroscopy using a scanning proton microprobe (23) . Briefly, this involves irradiating the sample with a proton beam of 1-m diameter and monitoring the emitted x-rays. Each element that is irradiated by the beam gives a distinctive x-ray peak that can be identified and integrated with an accuracy of Ϯ 5%. The beam can be scanned across the sample to produce a spatial map of elemental distribution or focused at a single point to obtain accurate spectra. The procedure used here was initially to generate a map of sulfur distribution. The only source of sulfur present in the sample comes from methionine and cysteine side chains and residual SDS, and so this gives a map of the protein distribution. Three or four points on each sample that gave a high sulfur peak were then selected to obtain point spectra.
The copper content at each point was measured and standardized to the amount of protein present at that point by taking the ratio of copper to sulfur (23) . bered 1-6) . SS, signal sequence; TM, trans-membrane region; CYS, regions rich in conserved cysteine residues; Cu 2ϩ , proposed binding sites for the two copper atoms based on sequence comparisons with other copper binding proteins.
Folding of Tyrosinase N-Glycosylation Mutants

RESULTS
Folding of Wild Type Tyrosinase in CHO Cells and Its Association with Endogenous
Calnexin-We have previously investigated the folding and maturation of tyrosinase in the melanotic B16 melanoma cell line (8) . CHO cells do not normally synthesize tyrosinase and do not contain melanosomes. Transfection of CHO cells with the expression vector pHDmcTyr1 containing the full-length mouse tyrosinase cDNA (2) resulted in the production of fully active enzyme.
Tyrosinase biosynthesis was monitored in vivo by pulsechase analysis, followed by immunoprecipitation of labeled cell lysates with anti-tyrosinase antibodies (␣PEP7) and analysis by nonreducing SDS-PAGE ( Fig. 2A) . A slower migrating (upper) band is observed immediately after 30 min of pulse, which disappears within about 3 h. A faster migrating (lower) band appears approximately 2 h post pulse labeling and is still present up to 7 h of chase. On reducing gels, tyrosinase runs as a single 72-kDa band for all pulse-chase times examined (Fig.  2B) , confirming that the two species resolved in nonreducing gels are two folding intermediates.
Because tyrosinase synthesized in melanoma cells associates with the chaperone calnexin all along its folding pathway (8), we analyzed whether this association occurs in CHO cells transfected with tyrosinase cDNA. Interactions between tyrosinase and calnexin were probed using double immunoprecipitation with anti-calnexin followed by anti-tyrosinase antibodies and analysis of the bound proteins by nonreducing SDS-PAGE (Fig. 2C) . The resulting gel is almost identical to that in Fig. 2A except that the lower band disappears 3 h post-pulse. Under reducing conditions, calnexin bound tyrosinase runs as a single band at 72 kDa (Fig. 2D) . Tyrosinase could not be precipitated by anti-calnexin antibodies in the presence of NB-DNJ (data not shown), demonstrating the requirement of calnexin for monoglucosylated glycans.
All these results are similar to those obtained previously (8) in melanoma cells (B16 cell line). Thus, CHO cells are capable of producing active tyrosinase with maturation kinetics and calnexin binding properties similar to those of melanocytes.
Occupancy of Tyrosinase N-Glycosylation Sites by Site-directed Mutagenesis-Tyrosinase recombinants lacking single N-glycosylation sites were used to determine the occupancy of the six putative N-glycosylation sites. CHO cell lysates expressing the above mutants were subjected to electrophoresis under reducing conditions followed by Western blotting and tyrosinase immunodetection. Four of the six mutants, ⌬(1), ⌬(4), ⌬(5), and ⌬(6), showed faster migration than the wild type ( Fig. 3A; see Table II for explanation of notation). ⌬(2) and ⌬(3) showed similar migration to the wild type (Fig. 3A) . Thus sites 1, 4, 5, and 6 at Asn residues 86, 230, 337, and 371 are fully 
TABLE II Results of the calnexin interaction and enzyme activity assays for wild type tyrosinase and N-glycosylation site deletion mutants expressed in CHO cells
The notation ⌬(x,y) refers to the protein obtained following expression of mutant tyrosinase cDNA lacking N-glycosylation sequons x and y (see Fig. 1 
Wild type
a The number of occupied sites was confirmed by comparing the migration patterns of the mutant to the wild type and aglycosyl proteins on a reducing/denaturing SDS gel.
b Chase time at which the lower band of tyrosinase first appears on a 10% SDS gel following double immunoprecipitation by anti-calnexin and anti-tyrosinase.
c Longest chase time at which tyrosinase could be seen on a 10% SDS gel following double immunoprecipitation by anti-calnexin and anti-tyrosinase.
d DOPA-oxidase activity measured in the cell lysate relative to the wild type enzyme activity.
occupied, whereas sites 2 and 3 at Asn residues 111 and 161 are unoccupied.
Folding and in Vivo Calnexin
Interaction of Tyrosinase NGlycosylation Mutants-Tyrosinase mutants lacking one, two, three, or four of the normally occupied N-glycosylation sites were constructed, and their expression in CHO cells were analyzed by Western blotting. Migration patterns of these mutants were consistent with the molecular weight of the mutants lacking one to all of the four glycans. The mutant ⌬(1,4,5,6) has a similar migration to that of the wild type protein digested with PNGase F, confirming the absence of any N-linked oligosaccharides (Fig. 3B) . Folding of these mutants was analyzed by single and double immunoprecipitation with anti-tyrosinase and anti-calnexin antibodies (summarized in Table II ).
All 15 mutants gave two bands on nonreducing SDS-PAGE after immunoprecipitation with anti-tyrosinase antibodies (typical data given in Fig. 4, A, C, and E) . ⌬(4), ⌬(5), and ⌬ (4, 5) show behavior similar to that of the wild type protein (Fig. 4C) . All the mutants lacking site 1 had 5-10% of the upper band remaining up to 7 h post-pulse (for example, Fig. 4, A and E) . The remaining mutants all show intermediate behavior with the upper band disappearing and the lower band appearing between 0 min and 1 h (Table II) .
The mutants lacking three or four normally occupied Nglycosylation sites cannot be co-immunoprecipitated by anticalnexin antibodies. All the remaining mutants can be precipitated by anti-calnexin antibodies (typical data given in Fig. 4,  B, D, and F) . Again, ⌬(4), ⌬(5), and ⌬(4,5) show behavior similar to that of the wild type protein (Fig. 4D) . The other mutants also show two bands, but the lower band disappears between 30 min and 2 h post-pulse (Fig. 4, B and F, and Table  II ). The mutants lacking three or four normally occupied Nglycosylation sites (⌬ (1,4,5,6 ) shown in Fig. 5A) show behavior similar to that of the wild type protein in the presence of NB-DNJ (Fig. 5B) .
We have previously shown in B16 cells that wild type tyrosinase binds irreversibly to calnexin in the absence of ␣-glucosidase II activity (by post-pulse inhibition using NB-DNJ), leading to premature degradation (8) . We have repeated this experiment on the ⌬(1,6) and ⌬(4,5) mutants, both of which show identical behavior to the wild type protein (data not shown), demonstrating that both mutants bind irreversibly to calnexin in the absence of ␣-glucosidase II activity.
DOPA Oxidase Activity of Tyrosinase N-Glycosylation Mutants-The enzymatic activity of wild type or mutant tyrosinase synthesized in CHO cells was determined by measuring their DOPA oxidase activity (Table II) . ⌬(4), ⌬(5), and ⌬ (4, 5) show activity similar to the wild type. Significantly lower activities were measured for the single mutants ⌬(1) and ⌬(6), i.e. 70 and 64%, respectively, from the wild type activity. In contrast to the high activity of the double mutant ⌬(4,5), the mutant ⌬(1,6) retains only 30% of the wild type activity. All the mutants lacking three or four normally occupied N-glycosylation sites show no activity. The remaining mutants show intermediate activity, ranging from 30 to 70%.
Copper Analysis of Wild Type, ⌬(4,5), and ⌬(1,6)-Samples for copper analysis of wild type tyrosinase and the mutants ⌬(4,5) and ⌬(1,6) were prepared by SDS-PAGE. The bands with DOPA oxidase activity were excised and dialyzed. All three samples contained approximately the same concentration of protein as determined by DOPA oxidase activity, allowing for the lower activity of ⌬ (1, 6) . This method produces samples contaminated with other proteins but was the only method of obtaining sufficient quantities for elemental analysis. However, the contaminants are normally synthesized CHO cell proteins and thus lack DOPA oxidase activity and are the same in every sample. The copper content was measured by proton The immunoprecipitated proteins were analyzed by nonreducing (A and C) or reducing (B and D) SDS-PAGE followed by autoradiography. X-ray films were exposed to the dried gels for 10 days. induced x-ray emission spectroscopy using a scanning proton microprobe. Each measurement is accurate to Ϯ5%, but inhomogeneities in samples dried by evaporation lead to a greater variation in measurements taken at different points on the sample. Thus three or four measurements were taken for each sample and the copper content is reported as the ratio of copper to sulfur (see "Materials and Methods").
The four measurements for the wild type sample gave copper:sulfur values of 1:79, 1:58, and 1:48 and one reading below the detection limit. For the last point, the sulfur content was also low, indicating a low level of total protein at that point. The average copper:sulfur ratio from the first three values was 1:62. The four measurements for the ⌬(4,5) mutant gave copper:sulfur values of 1:74, 1:42, 1:53, and 1:50, giving an average of 1:55. The three measurements for the ⌬(1,6) mutant were below the detection limit for copper. Each of these measurements gave a relatively high sulfur value and the detection limit was calculated as 1:185, 1:232, and 1:264. Thus, the ⌬(1,6) mutant contains at least three times less copper relative to total protein than the wild type and ⌬(4,5) mutant. This is consistent with the ϳ100% activity for the wild type and ⌬(4,5) mutant compared with the ϳ30% activity for the ⌬(1,6) mutant.
DISCUSSION
Tyrosinase is a type I membrane glycoprotein localized in the membrane of melanosomes, comprising 533 amino acids, six potential glycosylation sites, 17 cysteine residues grouped in two cysteine-rich domains, and two copper binding domains (2) . To address the role of individual N-glycans in tyrosinase folding, knowledge of the occupancy of the sites is required. Expression in CHO cells of tyrosinase mutants lacking single N-glycosylation sites shows that sites 1, 4, 5, and 6 (at Asn residues 86, 230, 337, and 371) are fully occupied, whereas sites 2 and 3 (at Asn residues 111 and 161) are unoccupied. Although the exact locations have not been identified, four asparaginelinked oligosaccharides chains/molecule have been found on hamster tyrosinase (16) , and both hamster (16) and mouse (17) tyrosinase show a similar range of oligomannosidic and sialilated complex antennary structures. These data, together with the observation that mouse and human tyrosinase have 85% sequence identity and identical potential N-glycosylation sites, indicate an interesting and possibly functionally relevant conservation of N-glycosylation between tyrosinases from different mammalian species. It remains unclear as to why the two unoccupied potential N-glycosylation sites are also conserved.
Wild type tyrosinase expressed in CHO cells shows very similar kinetics of folding and interaction with calnexin to the enzyme synthesized in B16 cells (8) . Calreticulin has also been shown to interact with tyrosinase but only in the first 30 min after synthesis. 2 In both B16 and CHO cells, two inactive calnexin-bound folding intermediates of tyrosinase can be observed, resolved on nonreducing SDS-PAGE but not on reducing gels. Treatment with NB-DNJ results in inactive enzyme in both cell lines. These data suggest that the folding machinery used by tyrosinase is common to both melanoma and CHO cells and that CHO cells are a suitable model system to use to study the effects of glycosylation mutants on the folding of tyrosinase.
Tyrosinase mutants with less than two occupied N-glycosylation sites expressed in CHO cells cannot be co-immunoprecipitated with anti-calnexin, whereas all other mutants can. (A and B) , ⌬(4,5) (C and D), and ⌬(1,6) (E and F) were incubated in starvation buffer for 1 h before a 30-min pulse with 35 S. Cells were chased for the indicated periods of time, and cell lysates were subjected to immunoprecipitation with either antityrosinase antibodies (A, C, and E) or anti-calnexin antibodies followed by anti-tyrosinase antibodies (B, D, and F). The immunoprecipitated proteins were analyzed by nonreducing SDS-PAGE followed by autoradiography. X-ray films were exposed to the dried gels for 10 days. (1,4,5,6) . B, same as Fig. 2A except that 1 mM NB-DNJ was added to the cell suspension 30 min before the pulse.
This implies that the interaction between tyrosinase and calnexin is multivalent in vivo. Similar results have been obtained in vitro for ribonuclease (10) and influenza hemagglutinin (18) . We cannot rule out the possibility that complexes involving monoglycosylated proteins are formed, the interaction being too weak to be observed by co-immunoprecipitation. However, tyrosinase mutants with only one occupied site have no enzymatic activity and show the same folding kinetics as wild type tyrosinase expressed in the presence of NB-DNJ. Thus any interactions between monoglycosylated tyrosinase and calnexin have no effect on protein folding. The tyrosinase mutant with sites 1 and 6 occupied, ⌬(4,5), shows the same kinetics of interaction with calnexin and final activity as the wild type enzyme. This implies that calnexin is either divalent or is acting as a dimer during its interaction with tyrosinase, glycans at sites 1 and 6 being sufficient to reproduce the wild type behavior.
Tyrosinase mutants with three occupied glycosylation sites behave equivalently to the corresponding double mutant carrying the pair that gives the longest interaction time with calnexin. For example, the mutant with sites 1, 4, and 5 occupied (⌬(6)) shows the same kinetics of folding and enzymatic activity as the double mutant with sites 1 and 5 occupied (⌬ (4,6) ). This confirms the concept that the interaction between tyrosinase and calnexin is divalent.
The location of N-glycans dramatically affects both folding kinetics and final enzymatic activity of the mutants. For instance the mutant ⌬(4,5) has wild type activity, whereas ⌬(1,6) is only 30% active. Copper analysis of the wild type protein, the ⌬(4,5) mutant and the ⌬(1,6) mutant shows that the copper content is significantly lower in the ⌬(1,6) mutant. Because the presence of copper is critical to enzymatic activity, the ⌬(1,6) mutant must contain a high proportion of completely inactive protein, explaining its overall 30% level of activity.
A wide range of activities from 0 to 100% is seen for the whole range of N-glycosylation mutants. The simplest explanation of these results is that the expressed protein from each mutant consists of a mixture of active and inactive protein, the latter lacking copper. The observed percentage of activity represents the percentage of fully active protein present and thus the efficiency of folding of that mutant in vivo. The presence of any two occupied glycosylation sites is sufficient to produce some fully active protein, but the efficiency of folding depends on which sites are occupied, and wild type folding efficiency is only obtained with sites 1 and 6 occupied.
This difference in folding efficiency cannot be due to the difference in affinity of the glycosylation mutants for calnexin, because both the ⌬(1,6) and ⌬(4,5) mutants bind irreversibly to calnexin in the absence of ␣-glucosidase II activity. It has previously been reported that some of the N-linked oligosaccharides of Schizosaccharomyces pombe double mutant Gls2/ alg6 are not recognized by GT under denaturing conditions (19) . It is possible that although the glycans at all the occupied N-glycosylation sites of tyrosinase can interact with calnexin, some of the glycans are not accessible to GT. Alternatively, the regions of the protein local to some of the glycan sites may fold rapidly and correctly with limited chaperone assistance and so may not be recognized by GT. The presence of glycans in regions of the protein structure that spontaneously fold less efficiently may be necessary for the correct function of the GT quality control system and hence may explain the conservation of glycosylation sites in tyrosinase.
It is interesting to note that there is a linear relationship that holds for the wild type and all the N-glycosylation mutants between the interaction time with calnexin and the enzymatic activity of the mature protein. Accelerated folding of tyrosinase mutants is accompanied by a lower enzymatic activity of the mature protein (Fig. 6) . The in vivo acquisition of activity of tyrosinase appears to be zero-order with respect to tyrosinase, suggesting that one or more additional components are ratelimiting, for example other chaperones assisting tyrosinase during calnexin-mediated folding or the acquisition of copper at a later stage. We have found recently that Erp57 interacts with tyrosinase (data not shown). Other chaperones are currently being investigated to understand the whole picture of tyrosinase folding in the endoplasmic reticulum. 3 Removal of glycans has been shown in vitro to result in the accelerated folding of influenza hemagglutinin monomers but not to impair final function (18) . The data here indicate that for tyrosinase only a subpopulation (indistinguishable on the basis of its electrophoretic mobility) is able to reach the active conformation, and this increases with the time spent by the glycoprotein in the calnexin cycle.
In conclusion, the efficiency of in vivo folding of tyrosinase is dependent on the occupancy of its N-glycan sites. In the absence of interaction with calnexin, no activity is obtained. Recruitment into the calnexin chaperone system occurs for any form of the enzyme that has two occupied N-glycan sites, leading to the production of some fully active molecules. Specific glycans are required for efficient operation of this pathway, leading to maximum activity. We propose that the quality control system operates locally with individual N-glycans having distinctive roles. Mutations at glycosylation sites critical to the operation of the quality control mechanism lead to a reduction in the activity of the expressed protein. It is interesting to note that the removal of site six has the most significant effect on the activity of the expressed enzyme, and this is the site at which mutations have been implicated in oculocutaneous albinism.
